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Accurate, precise, and continuous wide-area mapping of trace gas concentrations over long time periods is a difficult problem. Various remote sensing methods attempt to provide such capability, but the larger the area, the less temporal and spatial resolution is available because of slow raster scanning and limited sensitivity at remote locations. Thus, it would be ideal to deploy multiple distributed sensors with adequate sensitivity and time response that could be placed anywhere. However, experimental laser-based sensors usually require a full suite of tabletop equipment to operate, which makes it difficult to deploy the sensors in real-world field applications. Most research and development in this field has been concentrated on maximizing performance of single-sensor units for field applications in specialized facilities with easily available infrastructure such as electrical power, logistics, and air-conditioned areas. In applications such as remote sensing, most systems use powerful laser sources for increased ranges, causing more complexity and deployment difficulties.
We have developed a solution that can exploit wireless networking technology and infrastructure, as well as novel space and power-saving optoelectronics in order to implement multiple sensors that can be deployed anywhere with minimum to non-existent infrastructure. Our sensing instrumentation, which we call openPHOTONS, is being developed as an open-source platform that enables wireless networking of compact, powerefficient photonic sensors. Figure 1 depicts the structure of the open repository. Technologies available within the platform include the latest embedded electronic systems and efficient firmware to produce flexible sensor systems. Our approach focuses on gas-phase molecular sensing using laser spectroscopy, which allows for detection of trace amounts of chemicals (at parts-per-million and parts-per-billion levels) and mapping movements of chemicals in time and space. This technology is especially useful for carbon and greenhouse gas monitoring in the atmosphere (see Figure 2) .
The electronic platform provides flexible configuration capabilities with digital lock-in amplification of a single photodetector at up to 20kHz and three channels for measuring independent phase and harmonics. It also has a modulated current driver with <2ppm noise at 1kHz in 1 second and a temperature controller that can supply about 6W of cooling power with <0.001K noise over at least 3 hours. The integrated preamplifier has <3pA/Hz 1=2 of noise at 1kHz. In addition, there is a continuous universal serial bus or wireless transmission of data. Most photonic sensors require these functions for complete sensor operation.
The open-source nature of the project will allow researchers to collaborate and quickly adapt this technology to new and powerful applications (see Figure 1) . The basic architecture is the same used in many remote sensors, 1 and it could be made to provide a quickly deployable, multi-point remote-sensing wireless network.
To date, we demonstrated openPHOTONS-based sensing instrumentation for three different detection methods of laserbased gas sensing. They are tunable diode laser absorption Continued on next page Figure 2 . Example of a complete sensor for CO 2 point sensor networks using laser spectroscopy. spectroscopy (TDLAS), 2 quartz-enhanced photoacoustic spectroscopy (QEPAS), 3 and Faraday rotation spectroscopy (FRS). 4 A TDLAS sensor for carbon dioxide (CO 2 / using a vertical-cavity surface-emitting laser (VCSEL) at 2 m wavelength was able to reach 1 10 5 /Hz 1=2 minimum detectable absorption (MDA) while transmitting data wirelessly and consuming only 0.3W of electrical power. 2 This MDA level allowed us to detect 0.1ppm of CO 2 in 1 second average time in an optical path of 3.5 meters. Additionally, the stability of the system evaluated using Allan variance analysis allowed for 100 seconds of drift-free performance, a typical value for absorption spectrometers. For a QEPAS sensor using a telecom diode laser at 1.57 m, we were able to achieve 1.08 10 6 cm 1 /Hz 1=2 with 26mW of optical power, or about 480ppm of CO 2 in air with 1 second average. 3 For Faraday rotation spectroscopy 4 with static magnetic fields, we were able to achieve an equivalent MDA of 1 10 6 /Hz 1=2 resulting in a minimum detection limit of 400ppmv of O 2 in air in a 15cm path and 1 second lock-in time constant.
We have used these sensors for a variety of applications including a triangulating gas plume detection test, a field portable soil CO 2 efflux monitor, and a system to detect the respiration of insects (California isopods). In conclusion, to enable wide-area, long-term, high-spatio-temporal resolution of trace-gas mapping and other applications, we have implemented a wireless photonic sensor platform for remote and point sensors. The platform is open source, and has the capability to generate both research and field sensors. Future work will implement the platform in other types of photonic sensors as reference designs and characterize long-term performance measurements in demanding field applications.
